I. INTRODUCTION
MMCs are considered as the next generation DC/AC converters for medium/high voltage (MV/HV) motor drive applications due to their transform-less structures, high efficiency, and modularity [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . At low frequencies, the machine driven by an MMC typically experiences unstable AC voltages due to very large dc voltage fluctuations across each submodule capacitor, especially at low frequencies (<30 Hz). Although using a large size capacitor can, to certain degree, reduce the large capacitor voltage fluctuation to prevent drive malfunction, MMC will become excessively large in volume and the cost of the drive increases significantly. High frequency common mode voltage and circulating current injection (HFI) is widely used in motor drives using MMCs [2] [3] [4] [5] [6] [7] [8] . Although HFI reduces the capacitor voltage ripples significantly, there is still a fundamental frequency component existing in the capacitor voltage. Hence, a new compensation method is needed, which can further reduce the capacitor voltage ripple and achieve high performance of the variable speed drive systems using an MMC topology.
According to up-to-date literature survey, high frequency circulating current and common mode voltage injection method is widely used to balance MMC capacitor voltage at low frequencies. Hagiwara in [5] , Kolb in [12] , and Li in [13] The contribution of this paper is reduce the peak-to-peak value of the capacitor voltage effectively and significantly comparing to the old HFI methods without increasing complexity of the control and computation load of the digital processors. The proposed compensation method is fully using the availability of the voltage command to improve the performance of the MMC drive system. This paper is organized as follows: Section II reviews the circuits and modeling of MMCs. Section III introduces the principles of HFI method. Section IV proposes the new common mode voltage compensation to further reduce the capacitor voltage ripple by decreasing the fundamental component. Section V presents both computer simulation and experimental test to verify the proposed compensation method by using three-phase RL load and three-phase permanent magnet synchronous machine (PMSM). Fig. 1 shows a three-phase MMC inverter with a threephase RL load. The MMC circuit consists of two arms per phase-leg where each arm includes N series-connected identical SMs, and a series inductor called the arm inductor. The SMs on each arm are controlled to generate the required ac output voltage. The purpose of the arm inductor is to suppress the high-frequency components in the arm current. The SMs of an MMC can be realized by the half-bridge or chopper-cell, the full-bridge or bridge-cell, the unidirectional cell, the clampdouble circuit, the three-level converter circuit, and the fivelevel cross-connected circuit. The most common SMs are the full-bridge and half-bridge topology. The half-bridge topology is used for the SM design in this work. The half-bridge topology only contains two switches, which results in a lower number of components and higher efficiency for the MMC. The output voltage vx of the SM is either equal to its capacitor voltage vc or zero, depending on the switching states of the SM.
II. CIRCUITS AND MODELING REVIEW OF MMCS
This research work is funded by the Department of Energy (DoE). The two switches of each SM are a complimentary pair, which results in two different switching states. The two different switching states are demonstrated in Fig. 2 . In state 1, the top switch is on and the bottom switch is off. In this case, the output voltage vx is equal to the capacitor voltage Vc. In state 2, the top switch is off and the bottom switch is on. In this case, the SM is shorted and the output voltage is zero. State 1 is called the inserted state as the SM provides its voltage to the output. State 2 is the bypassed mode as the SM allows current to flow through without providing any voltage to the output. The dead-time state occurs between states 1 and 2, and both switches are off and the output voltage of the SM depends on the direction of the current. Based on the MMC circuit depicted in Fig. 1 , the upper and lower arm currents of phase-j, j = a,b,c, i.e., ip,j and in,j are expressed by (1) (2) where icirc,j represents the circulating current within the phase-j, ij is the phase-j output current, and idc is the dc link current. The circulating current, based on (1) and (2), is given by
The phase output current can be calculated based on (1) and (2) (6) where vp,j and vn,j represent the upper and lower arm voltages of phase-j, respectively, and vo represents the output voltage of phase-j. Based on (5) and (6), the output voltage vo can be expressed by subtracting (6) by (5): (7) (8) (9) where vcp,j and vcn,j are the individual SM capacitor voltages of the upper and lower arms. np,j and nn,j are the number of inserted SM of the upper and lower arms. Eq. (7) demonstrates that the output voltage is proportional to the difference of the voltages in each converter arm and the arm impedance seen by half of the output current. Furthermore, by adding (5) and (6), the dynamics of the MMC circulating current is expressed by (10) As seen from the above equation, the circulating current is caused by the voltage unbalancing issue that the sum of the inserted capacitor voltages is not equal to the dc bus voltage. 
III. PRINCIPLE OF HIGH-FREQUENCY COMMMON MODE VOLTAGE AND CIRCULATING CURRENT INJECTIONS AT LOW FREQUENCIES

A. Control Methods
B. Principle of Common Mode Voltage and Circulating Current Injections
In an MMC, circulating currents are caused by the voltage variations of the SM capacitors. As discussed in the previous section, under low frequencies, a square-wave common mode voltage injection method is used to minimize the voltage ripples of the SM capacitors in this paper. In addition to the common mode voltage injection, a circulating current control is implemented as well. The common mode voltage injection method is only applied for low frequency operation. Fig. 5 shows the diagram of circulating current control and common mode voltage injection under low frequency operation for a single phase MMC operation. is the upper arm current, is the lower arm current, is the circulating current command, is the phase voltage command, and is the common-mode voltage. By using the sine-wave common mode voltage injection, common mode voltage command and circulating current command are defined as: (11) (12) where is the frequency of the common-mode voltage.
According to paper [5] , fcom should be larger than the fundamental frequency to achieve smaller voltage fluctuation of capacitors. Meanwhile, fcom is smaller than the carrier frequency to achieve better controllability of the output current. Vcom is inverse proportional with . It is preferred to be selected as a large value to generate a small without overmodulation. In this paper, 60 % of the used as the common mode voltage magnitude. 
IV. COMMON MODE VOLTAGE COMPENSATION METHOD
The proposed common mode voltage compensation method is similar to the existing HFI method which is introduced in the previous section. The control diagram is the same as introduced in Fig. 5 .
By using the control method that introduced in the previous section, the common mode voltage command and circulating current command are determined by (11) and (12) . The capacitor voltage ripple can be reduced using the voltage and current injections. The components of the capacitor voltage ripple include fundamental frequency component and high frequency component. The high frequency is the frequency of the injected voltage and circulating current, while the fundamental component is the output frequency of the system. However, the fundamental component contributes more than half of the ripple value. Therefore, if the fundamental component is reduced, then the peak-to-peak value of the capacitor voltage ripple will be decreased significantly. In order to reduce the fundamental component, the common mode voltage command is modified into (13) where Kp is the parameter to vary the magnitude of the injected common mode voltage command. In this paper, Kp is normally larger than 1.
The format of the injected circulating current command is the same as (12) . In this case, same circulating current command with higher magnitude of injected common mode voltage lead to a lower magnitude of the fundamental component of the voltage ripple. In order to explain the principle of the proposed compensation method, analysis on arm voltage and current is investigated. Fig. 5 shows the upper arm current, upper arm voltage, equivalent cap current and one of the cap voltages over two switching cycles of the common mode voltage. The dashed lines show the corresponding waveforms after implementing the proposed compensation method, while the solid lines represent the waveforms with the old HFI method. The actual current and voltage waveforms of the MMC are different from those in Fig. 5 , hence the waveforms in the figure are only for explaining.
Upper arm current Since the magnitude of the common mode voltage command is increased, the upper and lower arm voltage commands are increased as well according to the output voltage command computations in Fig. 4 . The increased arm voltage commands result in higher possibility of more SMs to be inserted into the current loop of the arm when the magnitude is close to maximum, while less SMs to be inserted when the magnitude is close to zero. Fig. 6 shows the phase-shifted PWM, voltage reference and total number of inserted SMs. Since the number of SMs of each arm of the MMC is 6 in this paper, the total inserted number is from 0 to 6. As shown in Fig. 5 , the arm current and arm voltage are out of phase. When the arm current is positive, the arm voltage is close to 0, which means small number of SMs is inserted. On the other hand, when the arm current is negative, the arm voltage is close to maximum. a larger number of SMs is inserted comparing with positive arm current. When the proposed compensation method is implemented, higher number of SMs is inserted when the arm current is negative and lower number of SMs is inserted when the arm current is positive. Therefore, less capacitors of SMs are charged and more capacitors are discharged. As shown in Fig. 5, t1 becomes shorter when it is charging, while t2 lasts longer when it is discharging. Therefore, the capacitor voltage ripples can be reduced.
V. SIMULATION AND EXPERIMENT VERIFICATION AND ANALYSIS
Matlab/Simulink simulations and experimental tests using a three-phase MMC with a three-phase RL load and three-phase PMSM have been done to verify the proposed compensation method. In the simulations, the dc bus voltage is 7 kV, and the RMS value of the output current of each phase is 141.4 A. In the hardware experimental test, dc bus voltage is 7 kV and the RMS value of the output current is 141.4 A with three-phase RL load. For the three-phase PMSM, since the motor is mainly used for electric vehicle applications, the dc bus voltage is 600 V. Therefore, only 2 SMs per arm are used. Fig. 7 shows the hardware setup of the 7-kV three-phase MMC drive system [14, 15] . The upper level controls including motor control, MMC control, low frequency and HFI control are implemented in digital signal processor (DSP). Voltage balancing, PWM modulation, gate signals and SM fault signals reading are implemented in field-programmable gate array (FPGA). 1.7 kV 300 A SiC Rhom MOSFET is used as switching device of the SMs. The voltage sensors and gate drivers are integrated within the SMs. Fig. 8 shows hardware test at 7 kV with 200 A rated load current of the MMC using output current close-loop control. In most of the reported applications, the power rating of the SiC-based applications is less than 100 kVA and DC bus voltage is less than 2 kV. The established prototype can push DC bus voltage to 7 kV and power rating to 1 MWA. By using the 1.7 kV SiC Rohm device, the full scale MMC system is expected to achieve full load efficiency at 99.4% approximately. Fig.2 shows the test results at rated DC bus voltage (7 kV) and rated load current proposed compensation method at 10 Hz. Fig. 10 shows two capacitor voltages and upper arm current before and after implementing the proposed compensation method at output frequency 25 Hz and injection frequency 400 Hz using three-phase machine load. The dc-bus voltage is 600 V and 2 SMs per arm are utilized. Before applying the compensation method, the peak-to-peak value of the capacitor voltage ripple is 48 V, which is 16.5 % of the average of the voltage. After implementing the method, the peak-to-peak value is 30 V, which is 10.3 % of the mean value. The voltage ripple is reduced significantly by 37. Fig . 11 shows the two capacitor voltages and upper arm current of phase B before and after implementing the proposed compensation method using the three-phase machine load. The output fundamental frequency is 20 Hz approximately and the injection frequency is 600 Hz. Before using the proposed compensation method, the voltage ripple of the capacitor voltage is 60 V, which is 20.7 % of the average value of each capacitor. After implementing the proposed control method, the peak-to-peak value of the capacitor voltage reduces from 60 V to 35 V, which is 12.1 % of the average value. The reduction is obvious from the experimental results at two different injection frequencies.
Based on the simulation and experimental results, the proposed compensation method is verified and reduce the voltage ripple of the SM capacitors effectively and significantly. However, the maximum magnitude of the injected common mode voltage is limited due to the saturation issue of the voltage command. As long as the voltage command is not saturated, it will effectively reduce the capacitor voltage at low output frequencies. 
